A homology-based PCR method was used to clone a cDNA encoding lanosterol synthase (LS) from Ganoderma lucidum (G. lucidum), which produces triterpenes. The cDNA of the LS (GenBank accession no. GQ169528) was found to contain an open reading frame (ORF) of 2,181 bp encoding a 726 amino acid polypeptide, whereas the LS genomic DNA sequence (GenBank accession no. GQ169529) consists of 2,924 bp. Functional complementation of G. lucidum LS (Gl-LS) in an erg7 yeast strain lacking LS activity demonstrated that the cloned cDNA encoded a functional LS. Analysis of the Gl-LS transcript profiles revealed a positive correlation between the pattern of LS gene expression and triterpenes content changes in G. lucidum during development. Up-regulation of expression of the Gl-LS gene by methyl jasmonate (MeJA) in the mycelia was also demonstrated by real-time RT-PCR. Up-regulation of the Gl-LS promoter activity by MeJA was also investigated.
Key words: gene cloning; Ganoderma lucidum; lanosterol synthase; differential expression; triterpenes biosynthesis G. lucidum is widely used in East Asia as a remedy for minor health disorders and to promote vitality and longevity. It contains a variety of triterpenes such as Ganoderic acid A, Ganoderic acid B, Ganoderic acid C1, and Ganoderic acid H. 1) These triterpenes have been proved to be responsible for various biological activities of G. lucidum. Some of them have been shown to have cytotoxicity against human PLC/PRF/5, KB cells, p388, Hela, BEL-7402, and SGC-7901 human cancer cell lines in vitro, 2, 3) and inhibitory activity against the human immunodeficiency virus. 1, 4) Unfortunately, only very low amounts of triterpenes can be isolated from the mycelia and fruiting body of G. lucidum. Thus improvement of the qualitative and quantitative values of G. lucidum has become an important issue as for a stable supply of an important remedy for minor health disorders. One of the solutions is overproduction of triterpenes in G. lucidum by genetically engineered methods. As a first step to accomplish this, a better understanding of the roles of related genes in triterpenes biosynthesis in G. lucidum is necessary.
Triterpenes and sterols are synthesized via the isoprenoid pathway by LS. LS catalyzes the conversion of (3S)-2,3-oxidosqualene to lanosterol, 5) a key step in the biosynthesis of triterpenes and sterols, 6) and then lanosterol undergoes a series of reaction to yield a variety of lanosterol skeleton triterpene in fungi and animals. 5) In view of a possible quantitative correlation between LS expression levels and triterpene production, it is of interest to study the LS-catalyzed committed step at the molecular level. The first step in further investigating the role of LS involved in triterpenes biosynthesis at the level of molecular genetics is to clone the LS gene of G. lucidum. Here we report the cloning and characterization of Gl-LS for the first time.
Materials and Methods
Strains, plasmid, and yeast growth conditions. G. lucidum, strain HG, was obtained from the Shanghai Academy of Agricultural Sciences (Shanghai, China) and was maintained on potato dextrose agar (PDA) medium. The heterozygous diploid S. cerevisiae strain YHR072W (BY4743; MAT a/; his3 Á 1/his3 Á 1; leu2 Á 0/leu2 Á 0; lys2 Á 0/ LYS2; MeT15/met15 Á 0; ura3 Á 0/ura3 Á 0; yhr072w::kanMX4/ YHR072w), lacking an allele of the LS gene, was purchased from Open Biosystems (Huntsville, AL). Strain YHR072W was grown in YPG medium (1% yeast extract, 2% Bacto-Peptone, and 2% galactose).
Genomic DNA isolation. Mycelia from G. lucidum cultures grown at 28 C for 7 d on potato dextrose broth (PDB) was harvested, frozen in liquid nitrogen, and ground to a fine powder with a mortar and pestle. 7, 8) Genomic DNA was isolated from this material by the CTAB method.
9)
Cloning of specific fragment of the Gl-LS gene. Based on the highly conserved amino acid regions of known LS, two degenerate primers, Lano-1 and Lano-2 (Table 1) , were synthesized for amplification of a partial sequence of the genomic DNA (486 bp). The amplification products were ligated into a pMD19-T vector (Takara, Dalian, China), then transformed and sequenced according to standard procedures.
Cloning of Gl-LS 5
0 -end DNA and promoter region by Self-Formed Adaptor PCR (SEFA PCR). An attempt was made to obtain a fulllength genomic DNA sequence by Self-Formed Adaptor PCR (SEFA PCR).
10) PCR amplification of the 5 0 end of the genomic DNA was first performed using three gene-specific primers (Lano-5Sp1, Lano-5Sp2, and Lano-5Sp3-1) ( Table 1) according to the 486-bp sequence. The PCR mixture included 15 ml of 2ÂGC buffer I, 5 ml of 2.5 mM dNTP, 1.5 U of LA-Taq (Takara), and about 1 mg of G. lucidum genomic DNA, and deionized water was added to 30 ml. After SEFA PCR, a second round of nested PCR was run with the single primer Lano5Sp3-2. The reaction mixture was the same as that for SEFA PCR y To whom correspondence should be addressed. Tel/Fax: +86-25-84395602; E-mail: mwzhao@njau.edu.cn Abbreviations: LS, lanosterol synthase; G. lucidum, Ganoderma lucidum; Gl-LS, G. lucidum LS; MeJA, methyl jasmonate; PDA, potato dextrose agar; PDB, potato dextrose broth; SEFA PCR, Self-Formed Adaptor PCR; Gl-GPD, G. lucidum glyceraldehyde-3-phosphate dehydrogenase; ATMT, Agrobacterium tumefaciens-mediated transformation; GUS, -glucuronidase except for the template and primer: 0.1 ml of the above SEFA PCR product and 3 ml of 5mM Lano-5Sp3-2 were added to the reaction mixture. The PCR program was carried out under as follows: First, addition of 1 ml of 5 mM Lano-5Sp3-3, denaturing at 94 C for 90 s, annealing at 37 C for 3 min, ramping to 70 C at 0.2 C per second, and then extension at 70 C for 5 min. Second, addition of 3 ml of 5 mM Lano-5Sp3-1, 25 cycles at 94 C for 30 s, 70 C for 5.5 min; 8 cycles at 94 C for 30 s, 55 C for 30 s, and extension at 70 C for 5 min. However, the fragment obtained lacked several 5 0 nucleotides required for the expected full-length genomic DNA. Therefore, a second PCR amplification of the 5 0 end of the genomic DNA was performed using three specific primers (Lano-5Sp1, Lano-5Sp2, and Lano-5Sp3-2) ( Table 1 ) based on the sequence obtained.
Cloning of Gl-LS 3
0 -cDNA by rapid amplification of cDNA ends (RACE). Total RNA was used to synthesize the first-strand cDNA (3 0 -ready cDNA) using a 3 0 -Full RACE Core Set Ver 2.0 Kit (Takara). 3 0 -RACE was conducted with Lano(cS1) and Lano(cS2) as gene specific outer and inner primers ( Table 1) .
Cloning of full-length DNA and cDNA. Primers pYES2(N) and pYES2(C) ( Table 1) , corresponding to the sequences of the 5 0 -and 3 0 -termini and incorporating the Hind III and Xba I restriction sites respectively, were synthesized to obtain the full-length DNA and cDNA.
Software analysis of the LS promoter. The second PCR amplification of the 5 0 end of the genomic DNA revealed the promoter sequence. Based on the sequence obtained, primers Lano(qS) and Lano(qA) ( Table 1) were synthesized for amplification of the LS promoter region. The promoter sequences were analyzed online by Plantcare software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).
Software analysis of the LS deduced amino acid sequence. The BLAST program and the Clustal W program at the US National Center for Biotechnology Information (NCBI) was used in nucleotide sequence analysis, database searches, and amino acid sequence deduction.
Functional complementation of Gl-LS in yeast. pYES2 is a highcopy, autonomously replicating S. cerevisiae-E. coli shuttle vector. LS cDNA was ligated to pYES2 (Invitrogen, Carlsbad, CA) downstream of the yeast GAL1 promoter.
The LS-deficient haploid yeast was obtained by a series of procedures, as described by Sando et al., 11) and was named ls Á . Strain ls Á which is auxotrophic for ergosterol, was used to investigate the function of the Gl-LS. The pYES2 þ Gl-LS plasmid was used to transform strain ls Á by the lithium acetate method.
12) The ls Á with empty pYES2 was used as the control. Gl-LS transformants were selected on YPG medium (without ergosterol), and YPG medium containing ergosterol (80 mg/ml) was used in yeast growth analysis.
Expression of LS at different stages of G. lucidum development and different concentrations of MeJA. To test the expression of LS at different stages of G. lucidum development, fungal mycelia grown in PDB were harvested after 10, 12, 14, 16, 18, and 20 d, frozen in liquid nitrogen, and ground to a fine powder with a mortar and pestle. 13, 14) The total RNA was isolated from different G. lucidum developmental stages using an RNA Isolation Kit (Watson, Shanghai, China) according to the manufacturer's recommendations, and subsequently treated with DNase I (RNase-free) (Takara). The total RNA samples (1 mg) were then reverse-transcribed with AMV reverse transcriptase (Takara) using oligo(dT) 17 as primer, and the synthesized cDNA was used as template for PCR amplification.
In the experiment to investigate induction by the MeJA elicitor, MeJA was added to PDB to give final concentrations of 10 mM, 50 mM, 100 mM, 150 mM, and 200 mM. G. lucidum mycelia were harvested after 7 d of growth, while the mycelia without treatment were used as control.
Real-time RT-PCR to determine the level of Gl-LS transcription was performed using primers Lano(real)-1 and Lano(real)-2 ( Table 1) . The relative level of amplified mRNA was normalized to mRNA expression of the housekeeping gene G. lucidum glyceraldehyde-3-phosphate dehydrogenase (Gl-GPD), which was amplified as an internal control using primers Gpd-1 and Gpd-2 (Table 1) . 15) Gene expression was evaluated by a modification of the 2 ÀÁÁCt method, as described previously.
16)
Activity analysis of Gl-LS promoter. In order to determine whether MeJA can regulate the expression of LS, we transformed the G. lucidum protoplast with the GUS reporter construct pGPG-LS containing the Gl-LS promoter region by Agrobacterium tumefaciensmediated transformation (ATMT) 17) with slight modifications. The transforming binary vector pGPG-LS was derived from the A. tumefaciens binary vector pCAMBIA 1300 (Cambia, Canberra, Australia) by replacement of the 35S promoter from CaMV, which drives hygromycin B phosphotransferase (hph), with the Gl-GPD promoter, and insertion of the GUS as the report gene, which was driven by Gl-LS promoter, into the multiple cloning site by Kpn I and Xba I double restriction enzyme digestion. The plasmid also contained the kanamycin-resistance gene as a selection marker of the Agrobacterium strain applied.
Strains LBA4404 with pGPG-LS were grown on Luria-Bertani broth supplemented with 50 mg of rifampin per ml on a rotatory shaker (200 rpm) at 28 C for 12 h. One ml of Agrobacterium culture was inoculated into 5.0 ml of induction medium supplemented with 0.2 mM acetosyringone and this was incubated on a shaker (200 rpm) at 28 C 
T, or C. The underlined sequences, AAGCTT, TCTAGA, GGTACC, and GGATCC indicate Hind III, Xba I, Kpn I, and Bam HI restriction sites respectively.
for 6 h or until an optical density at 660 nm of 0.8 was reached. Protoplasts of G. lucidum were prepared by a method previously reported. 18) Protoplasts and Agrobacterium were cocultivated at a ratio of 1:10 (protoplasts to bacteria). The cocultivate culture was incubated at 28
C for 36 h. After 36 h, protoplasts were harvested for GUS activity assay. A GUS fluorimetric assay was performed by a method described previously.
19)

Results
Molecular cloning of the full-length DNA and cDNA of Gl-LS
A 486-bp product was obtained using primers Lano-1 and Lano-2. A BLAST search showed that the PCR product (486 bp) was homologous to a number of known LS genes. The full-length DNA was 2,924 bp, except for the 767 bp promoter region including six introns. The lengths of the introns were 425 bp, 55 bp, 53 bp, 69 bp, 75 bp, and 66 bp. The full-length cDNA contained a 2,181 bp ORF, 202 bp of 3 0 noncoding region, and a poly A tail (11 bp).
Sequence features of the Gl-LS promoter region
A 767 bp promoter was obtained using Lano(qS) and Lano(qA), and was designated pGlLS. pGlLS carried typical promoter elements. The predicted eight CAAT boxes and a TATA box (Fig. 1) were found. The potential regulatory elements associated with light, hormone, elicitor, and stress-related responses were also found in the promoter region, including the G-box/GT1-motif (a light-responsive element), MBS (a MYB binding site, involved in drought-inducibility), ABRE (a cis-acting element involved in abscisic acid responsiveness), AuxRR-core (a cis-acting regulatory element involved in auxin responsiveness), and Box-W1 (a fungal elicitor responsive element). But no MeJA responsive element was found.
Sequence features of the Gl-LS deduced amino acid sequence
The deduced Gl-LS amino acid sequence showed homology with other fungal LSs, including those from Ajellomyces dermatitidis (53% identity, 67% positive), Cryptococcus neoformans (53% identity, 66% positive), and S. cerevisiae (44% identity, 60% positive). The highest similarities were recorded with fungi, which is consistent with traditional evolutionary affinities. By sequence comparisons of eukaryotic LSs and Gl-LS, six repeats of the QW motif, a highly conserved repetitive motif rich in aromatic amino acids, were found in Gl-LS (positions of amino acid residues: 87-93, 134-140, 435-441, 493-499, 619-625, and 677-683) (Fig. 2) .
20)
Functional complementation of Gl-LS in yeast After transformation with vector pYES2 þ Gl-LS, the ls Á (pYES2 þ Gl-LS) transformants grew readily on a selective medium (YPG without added ergosterol), whereas the control ls Á (pYES2) did not. All strains grew on a non-selective medium (YPG with ergosterol). These data (Fig. 3) indicate that Gl-LS was a functional gene encoding LS in G. lucidum.
Expression of Gl-LS at different developmental stages and under MeJA treatment
Real-time RT-PCR analysis of LS transcription in mycelia aged between 10 and 20 d, and in primordia, is shown in Fig. 4 . Gene expression was relatively low in The translation start site ATG, marked in underlined type, was defined as position þ1. The deduced cis-acting elements are underlined, and the name is given under its element. the mycelia, and reached highest levels in primordia (about 8.39 fold compared with 10 d-old mycelia). The changing rule of LS gene expression is consistent with the findings of Hirotani et al., 21) who observed that the triterpene content of G. lucidum mycelia was much lower than that of fruiting bodies. Figure 5 shows the effect of MeJA on the Gl-LS mRNA level in the mycelia. Gene expression was relatively low in the mycelia treated with 0 mM, 10 mM, and 50 mM. Gl-LS transcripts accumulated following the addition of 100-200 mM MeJA. The highest mRNA level was observed at 200 mM (about 2.29 fold as compared with untreated mycelia). Our results suggest that the Gl-LS might be involved in the processes regulated by MeJA.
Activity analysis of the Gl-LS promoter
Although the real-time RT-PCR analysis of LS transcription indicated that expression of LS was induced by MeJA, software analysis did not reveal the presence of a MeJA responsive element. In order to determine whether there is a potential MeJA responsive element, we constructed a reporter system to detect promoter activity. As shown in Fig. 6 , MeJA significantly increased the expression of GUS (about 3.75-and 3.67 folds) after 2 d when cultivated on 10 mM and 50 mM. This is generally consistent with the results of real-time RT-PCR. It also indicates the presence of at least one potential MeJA responsive element in the promoter.
Discussion
As the major pharmacologically active constituents in G. lucidum, triterpenes are synthesized via the isoprenoid pathway. Isoprenoid biosynthesis involves a complex multibranched pathway. LS is thought to play an important role in the control of isoprenoid biosynthesis. To get a better understanding of the physiological functions of LS during triterpene biosynthesis, we isolated and characterized the Gl-LS.
A previous study indicated that the G. lucidum triterpenen content at the primordia stage was 1.55 fold compared with the mycelia stage. 22) Analysis of the Gl-LS transcript profiles revealed a positive correlation between the pattern of gene expression and the pattern of triterpene content changes during development. This suggests that Gl-LS probably plays an important role in the control of G. lucidum triterpene biosynthesis.
Triterpene biosynthesis in G. lucidum was also affected by environmental conditions, 23, 24) except during the developmental stage. We found an external environment response element in the promoter of Gl-LS (Fig. 1) . It was inferred that gene expression of LS is regulated by environmental factors via the respective response elements, and that triterpenes biosynthesis is affected by the gene expression of LS.
MeJA and related derivatives have been implicated as signal transduction molecules with multifaceted effects on plant growth, development, and response to stress. 25) Exogenously applied MeJA stimulated triterpene production in cultured G. lucidum mycelia. The triterpene content was 1:41 AE 0:14, 1:60 AE 0:07, 1:77 AE 0:07, 1:46 AE 0:04, 1:27 AE 0:05, and 1:34 AE 0:02 mg/100 mg DW when G. lucidum was treated with 0, 10, 50, 100, 150, and 200 mM MeJA respectively. Real-time RT-PCR analysis of LS transcription indicated that expression of the LS gene was induced by MeJA (Fig. 5) . Combined with the results for promoter activity analysis, these results suggest that Gl-LS is involved in the triterpene biosynthesis regulation pathways of MeJA signalling via the putative MeJA-response elements. There is some discrepancy between real-time PCR and GUS assay in terms of methyl jasmonate concentrations. We inferred that the results of real-time PCR might be influenced by the G. lucidum triterpene biosynthesis regulated network, but activity of the Gl-LS promoter was influenced only by the regulation of MeJA. GUS activity is expressed as the ratio relative to the CK (sample untreated with MeJA), and is shown as the mean of three replicated assays. The activity of GUS can be accurately determined using 4-methylumbelliferyl -D-glucuronide (4-MUG) as substrate. Upon hydrolysis by GUS, fluorochrome 4-methyl umbelliferone (4-MU) was produced. The amount of GUS by which 4-MUG hydrolysed to give 1 mg 4-MU per minute was defined as 1 U. In conclusion, we have described the cloning and characterization of the LS gene of G. lucidum. The present study should be helpful in future investigations aimed at understanding the detailed role of Gl-LS in G. lucidum triterpene biosynthesis control at the molecular genetic level.
